The use of vision to coordinate behavior requires an efficient control design that stabilizes the world on the retina or directs the gaze towards salient features in the surroundings. With a level gaze, visual processing tasks are simplified and behaviorally relevant features from the visual environment can be extracted. No matter how simple or sophisticated the eye design, mechanisms have evolved across phyla to stabilize gaze. In this review, we describe functional similarities in eyes and gaze stabilization reflexes, emphasizing their fundamental role in transforming sensory information into motor commands that support postural and locomotor control. We then focus on gaze stabilization design in flying insects and detail some of the underlying principles. Systems analysis reveals that gaze stabilization often involves several sensory modalities, including vision itself, and makes use of feedback as well as feedforward signals. Independent of phylogenetic distance, the physical interaction between an animal and its natural environment -its available senses and how it moves -appears to shape the adaptation of all aspects of gaze stabilization.
Introduction
The evolution of image-forming eyes has advanced the behavioral repertoire from simple phototactic and chemotactic responses [1] [2] [3] [4] to more elaborate patterns of motor activity. Vison enables an animal to identify and track behaviorally relevant features in its surroundings [5] [6] [7] and provides vital cues about its own motion and orientation relative to the direction of gravity [8] [9] [10] . In functional terms, this affects two different aspects of motor control: 'inner-loop' stabilization reflexes and 'outer-loop' goal-directed behaviors ( Figure 1 ). Stabilization reflexes chiefly effect attitude changes to maintain postural equilibrium, locomotor trajectory, and a level gaze in the face of external perturbations. They are executed more or less autonomously by an inner-loop control system. To enable goal-directed behaviors related to feeding, mating, or escape, the inner-loop reflexes must be modified by an outer-loop [9] . Without such a modification, an animal attempting to perform voluntary movements would always be forced back to its current postural equilibrium as a result of its own stabilization reflexes [11, 12] .
In the context of gaze control, there is a fundamental difference between stabilization reflexes and goal-directed behaviors. The former reduces wide-field image shifts of the visual world across the eyes. Goal-directed behavior, on the other hand, may require the stabilization of a moving target at a particular retinal position while the rest of the visual world shifts across the eyes. Separate neuronal pathways are believed to support these two tasks in parallel [6, 13] and their signals are integrated to produce consistent behavior [14, 15] .
There are several excellent reviews of the study of eye movements, directly or at least partly addressing their evolution [1, 5, [16] [17] [18] . Here, we present a few examples which illustrate the general principles of how, and why, visual animals stabilize their gaze relative to the world they live in, and some of the species-specific adaptations of the sensory and motor systems which have evolved to support a level gaze.
Functional Regions in Eyes
Most eyes do not afford their bearer with a full coverage of all visual information potentially available in the world. Even the eyes which do provide a panoramic field of view may not display an isotropic distribution of photoreceptors across the retina, and instead use a distinct area with high spatial resolution. Similarly, certain visual qualities related to properties of light, such as color and degree of polarization, are often processed at specialized areas of the retina. Most of these functional regionalizations are used to coordinate outer-loop goal-directed behavior -for example target tracking and navigation -and they are brought to bear on specific visual features through movement of the eyes, the head, the whole body, or any combination thereof [19] .
As described by Land [18] in a recent review, areas of high spatial resolution have evolved independently of phylogenetic age in various phyla, and are found in aquatic, terrestrial and aerial animals alike. A visual streak that is stabilized to align with the external horizon evolved in ancient crustaceans, for instance, which first appeared during the Cambrian explosion about 511 million years ago (Mya). A visual streak is also found in the eyes of some bony fish (Teleostei), which emerged 250 Mya in the early Triassic, and in those of herbivorous mammals (Artiodactyla), which appeared about 55 Mya in the Paleogene. Primates, also emerging around 55 Mya, have one forward-looking high resolution fovea per eye, while birds of prey, which appeared 85 Mya during the late Cretaceous, have two foveae in each eye: one pointing forward and the other more laterally. A regionalization of photoreceptor density in the form of an acute zone is also present in the compound eyes of many insects, which came into existence in the early Devonian about 396 Mya. Notable examples are aerial predators, such as dragonflies (Odonata, 251 Mya) and robberflies (Asiloidea, $ 200 Mya), which detect their prey at a distance as small objects against the bright sky and perform interception flights to catch them on the wing. Male flies of many species, including blowflies (Oestroidea, 66 Mya) and hoverflies (Syrphoidea, $ 160 Mya), also make use of similar 'love spots' to detect and chase conspecifics [20] .
Why do animals have eyes that allow them to scrutinize only a comparatively small fraction of the visual field? Would high spatial resolution across the entire eye not be much more desirable? Animals and their sensory systems have evolved under severe energy constraints [21] and vision is costly -high spatial resolution even more so because it requires extra energy to maintain highly sensitive photoreceptors in support of the detection of small, sometimes fast moving objects [22] . There may also be a limit to eye size, depending on the general bauplan of the animal, which imposes a particular organization; small animals may lack the space to accommodate the sheer number of photoreceptors for isotropic high spatial resolution [1] . The more energy-efficient solution apparently was to form anisotropic eyes which can be moved to align the specialized areas of the eyes with those parts of the visual world which contain relevant information for the animal.
Stabilizing Gaze across Phyla
The alignment of the eyes with informative areas in the visual field may require different levels of complexity in terms of motor action. As mentioned above, the eyes may be moved separately, in coordination with head rotations, or simply by the animal changing its orientation if neither eyes nor head can be controlled independently of the body. Box jellyfish (Cnidaria, 580 Mya) are a good example of the latter. These creatures are equipped with sets of surprisingly sophisticated eyes, some of which have upward pointing retinae, used to sense terrestrial features when swimming along the banks of mangrove lagoons [23] , a warning that they may be venturing too close to shallow waters. To enable this function in the face of water currents which affect its body orientation, the jellyfish needs to maintain an upright posture that appropriately aligns its visual input with the external world. Gradients in light levels -with maximum values normally being present in the dorsal hemisphere due to a bright skytrigger a light-dependent orientation reflex. In jellyfish, as in many fish and flying insects [24] , this reflex supports an upright body and head orientation by measuring light intensity changes and using them in a simple negative feedback loop to maintain equilibrium.
For eye movements to contribute to stabilizing the visual input, an oculomotor system is required to rotate the eyes and compensate for changes in attitude of the head and/or body. Surprisingly, the basic arrangement of oculomotor plants and the movements of the eye that they facilitate look very similar in phyla as disparate as the small, planktonic crustacean, Daphnia magna, and humans [25] . Despite appearing more than 400 million years apart from one another, both are equipped with three pairs of muscles, which actuate rotations of the eye around three almost mutually orthogonal axes (Figure 2 ). This appears to provide adequate control of movement of roughly spherical eyes sitting within a socket. For mammals, fish, and birds, this arrangement of the motor plant is also closely matched to the measuring axes of the vestibular system. The three semi-circular canals in the head-based vestibular system, which send afferent signals to the eye muscles for gaze stabilization, sense angular accelerations of the head around three orthogonal axes as well [28] . This probably simplifies the transformation of sensory signals into motor commands that drive the eye muscles as part of the vestibulo-ocular reflex (VOR) found in vertebrates.
Regardless of how it is achieved, what matters is that the visual input is stabilized against rotations, in a default, normally upright orientation. This helps the visual system to cope with
Directional motion
Outer-loop (Adapted with permission from [9] .) the challenge of extracting features from the three-dimensional surroundings that are mapped onto a two-dimensional photoreceptor array. With a default orientation, assumptions can be made about invariant properties of the world, which simplify visual processing. For instance, when walking, objects on the ground are usually closer than those up above. Similarly, luminance levels are normally higher in the sky than on the ground. The spatial distribution of common contours and contrast edges, such as the horizon and the elongated vertical orientation of stems and trunks, offer further cues useful for visual guidance and navigation. Many of those cues are related to gravitywhich provides the ultimate reference frame for the execution of stabilization reflexes and the control of locomotion. A level gaze simplifies the extraction of these ecologically relevant features from the visual input. The visual system selectively combines local information obtained at certain positions within the visual field to set up matched filter templates [29] [30] [31] (see the Primer by Warrant [32] in this issue). Filters matched to particular features may be adapted to extract specific objects, such as food, predators, or mates, but also panoramic patterns of visual motion generated during an animal's self-motion (see below) or the pattern of polarized light in the sky that many insects use for navigation [33] . The use of matched filters saves the visual system time and energy it would otherwise spend on image transformations when processing visual inputs.
Another reason for animals to stabilize their gaze is that counter-rotating the eyes upon changes in body or head attitude reduces motion blur [16] . Motion blur is the inevitable consequence of comparatively long transduction and signal integration times in photoreceptors [34] which, during relative motion between eyes and surroundings, cause a reduction of image contrast and the loss of spatial detail [5] . Examples of motion blur are illustrated in Figure 3A ,B for a translation and a rotation of a video camera mounted on the back of a goshawk flying through a forest. The visual system in primates and many other vertebrates partially compensates for motion blur by the socalled optokinetic reflex [38, 39] . This reflex produces syndirectional eye movements which temporarily reduce the relative motion between the visual environment and the eye -the retinal slip speed. These are followed by fast flick-back saccades, when
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A B Figure 2 . Oculomotor system of humans and water-fleas. the rotation of the eye reaches its anatomical limits of travel. Useful vision persists when the slip speed is reduced during the slow phase of the reflex, but is disabled during the flick-back saccades, which would introduce significant motion blur. Similarly, when an animal actively shifts its gaze with fast, saccadic eye movements to bring a target into foveal vision, the effect of motion blur is suppressed by temporarily modifying the processing of visual information, or blocking it altogether [12, 40, 41] . When external disturbances cause a shift of the visual input, however, compensatory eye movements are induced throughout which visual perception stays intact [42, 43] .
Motion blur certainly degrades the ability to resolve image details [5] . Wide-field retinal image shifts caused by self-motion, on the other hand, contain vital information about how an animal is moving. They indicate, for instance, whether the animal's intended locomotor trajectory or orientation have changed as a result of gusts of wind when flying, uneven terrain when walking, or unpredictable water currents when swimming. Generally, selfmotion may be described in terms of translation and rotation components which introduce coherent patterns of wide-field retinal image shifts know as optic flow fields ( Figure 3A ,B). These are composed of local velocity vectors which indicate the direction and magnitude of image shifts observed at different retinal positions [44, 45] -and appear as 'streamlines' in the snapshots shown in Figure 3 . The significance of optic flow fields for visually guided behavior was first introduced by Gibson [46] about half a century ago and has since been investigated across phyla at the behavioral level [47, 48] , in human psychophysics [49, 50] , and in physiological studies [6, [51] [52] [53] [54] [55] .
Because optic flow plays a major role in gaze stabilization, which, in turn, simplifies the task for the visual system to analyze retinal image shifts, it makes sense to describe its properties in more detail. In translation-induced optic flow fields, all velocity vectors are arranged in a radial pattern centered on the translation direction where no image shift occurs. The magnitude of the flow vectors increases continuously towards positions observing optic flow along directions perpendicular to the translation ( Figure 3A) . Throughout a flow field, the vectors scale with translation speed and are inversely proportional to the distance between the eyes and the objects in the environment. The latter relationship means that translational optic flow contains relative distance information that can be used to reconstruct the threedimensional layout of the environment [44, 45] . This is particularly important for animals with compound eyes, such as insects, which normally cannot use mechanisms based on stereo vision or lens accommodation to estimate distance.
The magnitude of rotation-induced optic flow does not depend on object distance, only on the angular velocity of the eye. In this case, the local flow vectors are aligned along parallel circles centered on the axis of rotation. The magnitude of the vectors depends on their position relative to the rotation axis in the same way as described for translational optic flow ( Figure 3B ). Rotational optic flow provides a useful source of information for the visual estimation of attitude changes; however, it does not provide relative distance information, which can only be retrieved from translation-induced optic flow fields [44] . The problem is that rotational optic flow vectors are often of considerably higher magnitude than those induced by translation, which obscures distance estimation. Counterrotating the eyes can mitigate this masking effect and help separate translational optic flow by reducing, or even eliminating, rotation-induced components. Studies based on semifree flight experiments in blowflies [56] suggest another possible strategy to obtain relative distance information from optic flow which, in addition to gaze stabilization, includes actively induced fast body saccades: as a result, their overall flight trajectory consists of alternating phases of fast rotations followed by translational drifts, during which relative distance information may be retrieved [57, 58] .
So far, we have argued that stabilizing eye movements are a prerequisite to enhance visual information processing with eyes that possess functional regionalizations. A stable gaze allows an animal to use matched filters when extracting behaviorally relevant features from its visual surroundings, which support inner-loop stabilization reflexes and coordinated goal-directed behaviors. Independent of phylogenetic origin, almost all animals have evolved strategies using sensory modalities and motor plants to support gaze stabilization. As pointed out above, a major benefit of gaze stabilization is a significant reduction in the computational overheads on visual processing. To further explore functional principles and species-specific adaptations in detail we will next consider comparative research on gaze stabilization in Dipteran flies.
Gaze Stabilization in Dipteran Flies
Gaze and flight control have been studied in flies for several decades, greatly benefiting from parallel research into the mechanisms underlying the processing of visual motion [59] and its neuronal circuitry [35, 60, 61] . Although flies cannot move their eyes independently, they do execute rotational head movements around the roll, pitch and yaw axes to control their gaze. When [36] .) (E) Distribution of preferred rotation axes of LPTCs (blue) and neck motor neurons (red). The high degree of overlap between the two distributions suggests that signals generated by the 'sensory' LPTCs are used directly -without any discernible sensorimotor transformation -to control the activity in neck motor neurons. (F) Equivalent distribution of motion preferences in the receptive field of a neck motor neuron with a preferred rotation axis similar to that of the V1-cell (À60, 0; red dot). (E,F from [37] .) engaging in banked turns during flight, bigger Dipterans such as blowflies compensate for body rotations around their roll axis by counter-rotating their head up to angles of ±90
. In a series of behavioral studies in flies, Hengstenberg and colleagues [62] demonstrated that no less than eight sensory mechanisms contribute to gaze stabilization -four of which are based on vision, the other four provided by mechanosensory systems.
Before addressing the question of how signals from different sensory systems are combined, we will briefly describe the properties of three of the modalities which are known to contribute to gaze stabilization [62] [63] [64] [65] . More comprehensive reviews on insect sensory systems in the context of flight control and gaze stabilization have been provided by Taylor and Krapp [8] and Hengstenberg [62] , respectively.
Motion Vision
The compound eyes of most Dipteran (two-winged) flies have, compared to other insects, relatively high spatial resolution. Specific pathways in the fly visual system are adapted to sense the direction of visual motion across the compound eyes, and the output signals of this motion vision pathway provide a major contribution to the gaze stabilization systems in flies [66, 67] .
In a first approximation, neighboring facets, or ommatidia, in the hexagonal eye lattice of the compound eye feed signals into retinotopic arrays of elementary movement detectors (EMDs) [68] . EMDs analyse the local direction of retinal image shifts and their outputs are selectively integrated by individually identifiable interneurons in the posterior part of the third visual neuropil, the lobula plate [61, 69] . In flies, the response properties of most of these lobula plate tangential cells (LPTCs) have been studied in detail [61] . Many of them have extended receptive fields with a distribution of local motion preferences, setting up matched filters for particular patterns of optic flow the animal encounters while moving ( Figure 3C ) [30, [69] [70] [71] . The output of the LPTCs either connects directly to motor neurons innervating the neck muscles [66, 72] or connects via descending neurons [73, 74] . A comparison between the preferred rotation axes of LPTCs and those of neck motor neurons has shown a high degree of overlap ( Figure 3D-F) [37] , which suggests that the output of the LPTCs may be used directly to stabilize gaze. The Ocelli At the level of the descending neurons, the signals from the LPTCs are combined with input from other sensory modalities [75] [76] [77] , including a second visual system on the head -the ocelli. In blowflies, this system consists of three small lens eyes, each of which forms an under-focused image on a retina consisting of several hundred photoreceptors [24] . Together, the three ocelli differentially measure light intensity changes in the dorsal visual hemisphere which occur during sudden rotations around horizontal body axes [64] . Electrophysiological studies suggest that ocellar signals, which indicate body rotations only around three distinct axes, are projected into the coordinate system set up by VS cells [78] , a subpopulation of LPTCs [63, 64] . VS cells monitor horizontal body rotations at a finer spatial resolution but have longer response delays. The combination of fast signals with poor spatial resolution from the ocelli and slower, more accurate signals from the motion vision pathways may be interpreted as a way of speeding up visual feedback, without losing the ability to resolve and control specific horizontal head and body rotations [64] .
The Halteres A conspicuous feature of Dipteran flies is the evolutionary transformation of the pair of hind wings -all early flying insects were equipped with two wing pairs -into a gyroscopic sense organ, the halteres [79] . These small club-like appendices are connected to the thorax via an adjustable hinge joint and beat at the same frequency as the front wings, but in anti-phase. Several studies on the function of the halteres suggest that they sense body rotation rates based on the spatio-temporal activation pattern across arrays of mechanoreceptors at the haltere base, called campaniform sensilla [62, 80, 81] . The current view is that the underlying mechanism relies on the measurement of Coriolis forces which occur when the thorax suddenly rotates relative to the haltere beating plane [82] . Behavioral studies show that the response delay of haltere-induced stabilization reflexes is rather short [83] .
Stimulation of the halteres induces compensatory head movements within a few milliseconds, which reflects both the fast transduction mechanism in the campaniform sensilla and a short neuronal circuit transmitting motor control signals [62] . Electrophysiological work shows that for some neck motor neurons to generate action potentials, and thus drive neck muscles to stabilize gaze, simultaneous stimulation of both the motion vision pathway as well as the halteres is required [65] . Apparently, these neck motor neurons are only activated within a fraction of the dynamic input range, in which the velocity tunings of the motion vision pathway and the halteres overlap. Interestingly, a similar interaction between visual and mechanosensory signals was found in the primate gaze stabilization system (see below) [28] .
Integrating Visual and Mechanosensory Signals
An obvious question to ask is: why does gaze stabilization -or inner-loop control in general -require input from many different sensory modalities? One answer, from an engineering perspective, has to do with the excessive range of inputs animals experience and the limited bandwidth of individual biological sensors. Flies -and many other flying insects -are aerodynamically unstable. To achieve stable flight, they require powerful control systems which must operate on a sufficiently fast time scale to cope with sudden perturbations, such as gusts of wind [84, 85] . On the other hand, sensory systems which provide feedback control signals should also be sensitive to slow drifts that may result from a light breeze which would gradually lead the fly off-course. Altogether, sensors involved in flight control need to cover a large dynamic range of potential disturbances.
Because of the intimate relationship between changes in body attitude and compensatory head movements, the same holds true for gaze stabilization. The problem is, however, that local biological sensors, such as individual photoreceptors and campaniform sensilla, only produce ambiguous signals and have limited dynamic ranges [8] . The response delays may be different across modalities, and the neuronal circuits that connect them to the motor systems are prone to noise. Vision, for instance, is notoriously slow and incurs a comparatively long response delay, while mechanosensory systems respond faster [86] but are less sensitive to slow drifts. Only a combination of visual and mechanosensory mechanisms covers the dynamic input range with which flight and gaze stabilization systems have to cope.
Another question is: how should the signals derived from different sensory modalities be combined? Should they be weighted according to a certain optimality criterion, or should they just be added linearly to produce an appropriate feedback signal that drives the motor systems? For blowfly gaze stabilization, the view is that the sensory signals are scaled or adapted within each modality and then added linearly to drive compensatory head movements, and this has been shown to be largely true for gaze stabilization in response to roll perturbations, as in Figure 4 [62, 87] . A linear feedback system was also proposed for fruitfly optomotor responses, whereby the animals' intended turns were measured in tethered flight and used to control the horizontal velocity of a visual stimulus surrounding the animal [88] . For flight control, at least, the behavioral contribution of the halteres appears to be linearly combined with that of the visual system, although a greater weighting is given to the haltere input [89] . These results are somewhat surprising because many of the individual neuronal processes involved, including signal transmission and integration, may be non-linear in nature. Interestingly, the performance of the fruitfly's optomotor responses mentioned above may be further improved by integrating other modalities in certain contexts, for example olfaction [90] , suggesting an intricate interaction between inner-loop and outer-loop control architectures.
It is worth keeping in mind that the three systems mentioned above are only a small selection out of a larger range of sensors feeding into fly gaze and flight stabilization [8, 62] . Airflow changes, wing load, and the head-thorax angle are also sensed using additional visual and mechanosensory mechanisms [91] . The motion vision and ocellar pathways [8] , as well as the haltere system, are excellent examples, however, because all three of them provide information about attitude changes, while operating at different time scales and dynamic input ranges. Halteres, for instance, can induce compensatory head movements within about 5 ms and have high sensitivity to angular velocities in excess of 100 /s [83] . Ocelli are suggested to cover an intermediate velocity range, initiating behavior after an estimated 10-15 ms and speeding up signals from the motion vision pathway, which contributes only after 20 ms [64] .
The large response delays of the motion vision pathway and its limited dynamic input range are the result of slow processing stages. These include the photocascade [34] , the computation of directional motion, and the low-pass characteristics inherent to the structure of the EMDs [59] -for a given spacing, signals must be compared over a longer time interval to detect slower movements. From an engineering perspective, the speed limitations of the motion vision pathway are all but ideal to support flight control and gaze stabilization. Long response delays could potentially lead to instabilities of the control system, or a significant drop in performance. The latter would result from compensatory actions of the motor systems kicking in too late during the feedback cycle, exaggerating disturbances rather than reducing them [85] .
Behavioral Systems Analysis
Recent research on the design of fly gaze stabilization systems, linking the dynamics of sensory modalities to the properties of the motor plant, has been inspired by control systems engineering [87] . This approach was based on measuring compensatory head roll responses to sinusoidal perturbations of different frequencies, stimulating sensory systems either individually or in combination. The experimental results obtained were used to formally describe the dynamic properties of the modalities involved in the control system by means of their transfer functions -that is, the way in which they convert a given input function into a corresponding behavioral output function.
In a typical experiment, the fly is attached to a motor which oscillates the animal's thorax around the roll axis ( Figure 4A ). Under such semi-closed loop conditions, the fly reduces retinal slip speed by counter-rotating its head -as long as it is flapping its wings in tethered flight. From image sequences recorded by a high-speed video camera, both the thorax roll angle (TR, the input function) and the head roll angle (HR, the output function of the neck motor system) are extracted ( Figure 4B ). The behavioral output function is defined as the sum of thorax and head angle, where TR = -HR indicates compensatory head movements which keep the head perfectly level. Across a range of stimulus frequencies, Figure 4D ,E shows the results in terms of response magnitude, or gain, and the time delay between the stimulus and response functions, represented by the phase.
When both the motion vision pathway and the halteres contribute, the gain of the control system at low stimulus frequencies is fairly high (C1, Figure 4D ) and there is hardly any phase shift between stimulus and response (C1, Figure 4E ). Only at frequencies >3 Hz does the gain start to decrease slightly, and a phase shift occurs that increases at higher frequencies. After removing the halteres, however, the gain of the response is reduced (C2, Figure 4D ) and the phase shift is increased for frequencies >1 Hz (C2, Figure 4E ). The results of this linear systems analysis inform a model of the underlying control architecture ( Figure 4C ): instead of adding up the signals of both modalities and using them in a single negative feedback loop, the halteres appear to produce a fast feedforward signal that immediately initiates compensatory head movements. Only after this fast initial response, the slower signals from the motion vision pathway reach the neck motor system to control its movements in a negative feedback loop. This clever design perfectly combines the different dynamic properties of the haltere and motion vision pathways.
One way of interpreting the observed control architecture is that the fast haltere-induced compensatory head movements effectively shift the input velocities into a range low enough for the slower motion vison pathway to handle. In other words, by initiating rapid compensatory head movements at high input velocities, the haltere system enables the slow motion vison pathway to contribute to the response. This effect can be illustrated by considering the relative velocity between the fly's eyes and the environment, the retinal slip speed, which the gaze stabilization system is supposed to minimize. Figure 4F shows the mean retinal slip speeds for the experiments described above, plotted as a function of stimulus frequency. Without the fast mechanosensory input from the halteres ( Figure 4F , blue trace), the retinal slip speed is increased relative to the angular velocity of the thorax (TR, Figure 4F , grey trace). Rather than decreasing the effect of the input disturbance, the system exaggerates it by applying feedback from the visual system with too long a delay.
The combination of feedforward and feedback signals in control architectures has also evolved in other gaze stabilization systems. As mentioned earlier, the vestibulo-ocular reflex (VOR) serves a similar function in vertebrates. It is induced by mechanosensory signals: upon a head or body rotation, the semi-circular canals of the vestibular system sense angular accelerations and send feedforward signals to the eye muscles for fast image stabilization. Position is then corrected by a visual error signal, and the weighting of subsequent feedforward signals is calibrated [28] . Whether or not the eye movements perfectly compensate for the body or head rotations can be sensed only by the visual system, which -like in flies -is slower than the mechanosensory vestibular system.
What of the gaze stabilization system of other flies? Some other Dipteran flies, such as the horsefly, Tabanus bromius, appear to exhibit a control design similar to that found in blowflies ( Figure 4G ) and rely even more heavily on their halteres during high velocity perturbations. It is interesting to note that this fly species has no ocelli, and therefore no access to the fast visual feedback they provide. In hoverflies, the halteres -and all other sensory modalities, it seems -contribute to head movements in the same way, although only up to a certain frequency -around 10 Hz (Figure 4H ). At higher frequencies, the reduced slip speed shown in Figure 4H , which is unaffected by the removal of the halteres, indicates that the head is stabilized not through active movements but by passive physical effects, likely due to the inertia of the head.
A similar strategy of passive inertial stabilization is employed by the phylogenetically older dragonflies, which do not possess halteres [92, 93] . The halteres appear to be just one possible solution for detecting the forces associated with external perturbations during flight. Many flying insects, including dragonflies, bees, and wasps, have been shown to stabilize gaze without halteres [92, 94, 95] . In moths, the antennae have been suggested to play an analogous role to the halteres in flight control [96] by detecting Coriolis forces during rotations, and the wings may also sense strain to give an indication of rotations [97, 98] . How, then, do these particular adaptations arise?
Habitat, Modes of Locomotion, Motor Systems and Anatomy In a comparative study of decapod crabs, Nalbach [99] investigated the control of eyestalk movements that stabilize gaze in species that walk and those that typically swim. Specializations of their sense organs reflect the physical properties of the environment in a number of ways, for example the presence of a vestibular-like system in crabs that swim in deep waters bestows them with the ability to detect angular accelerations under low light conditions. What little light there is, however, may provide a more consistent visual cue and can be depended upon to guide dorsal light orientation reflexes. In choppy, shallow waters where this is not the case, orientation reflexes are dominated instead by proprioceptive signals from the legs, since they tend to be in contact with the ground. ''A trend becomes apparent'', Nalbach [99] concluded, that ''species rely on the various sensory cues with different weight according to their habitat, predominant mode of locomotion, and physical properties of the body''.
The essential evolutionary driving force behind gaze stabilization, and sensorimotor control in general, is the closed loop of physical interactions between an animal and its environment, and the continuous sensory feedback it receives, rather than its phylogenetic origin. Aspects of behavior, including speciesspecific locomotor modes, the use of sensory systems and of motor systems -all of which are likely to have evolved in parallel -therefore need to be considered as reasons for the origin of a given gaze control strategy [100] . The underlying control scheme reflects the current state of a performance optimization process on an evolutionary time-scale, which shapes the connections between sensors and motor systems, constrained by the properties of the habitat and movement within it. Motor Systems Different phyla have evolved diverse motor systems for gaze stabilization, which nevertheless exhibit similarities in design. In many cases, if the eyes can move relative to the head they are moved by three pairs of eye muscles in an orthogonal arrangement (Figure 2 ). Animals that are not capable of moving the eyes independently of the head perform compensatory head movements to stabilize their gaze -this is true, for instance, of flying insects, as discussed above. In most cases, they have evolved a rather sophisticated neck motor system to do so. The blowfly, for example, employs 21 pairs of neck muscles which control head movements [66] . Other insects such as bees have developed a similarly complex neck motor system ( Figure 5C ).
An interesting exception to this is found in dragonflies. Despite performing compensatory head rather than eye movements, active head rotations are achieved using only three pairs of neck muscles ( Figure 5B ). Instead of a complex motor system, a highly flexible neck enables passive, physical stabilization in dragonflies, as mentioned earlier [93] .
On the other hand, although equipped with the typical vertebrate three-axis oculomotor system, many birds use their eyes to make only 10-20% of the movements to stabilize their gaze [18] . The complexity of the blowfly fly neck motor system is surpassed by that of the predatory barn owl, which performs acoustically-triggered head movements to quickly shift its gaze to potential prey over a large angle: the articulation required to do so employs over 30 pairs of neck muscles ( Figure 5D ) [102] .
In an engineered system, the specification of the sensors, actuators and control architecture are matched in a way that optimizes performance for a given task [103] . A breakthrough in understanding the functional design of biological gaze stabilization that surpasses the phenomenological level of transfer functions relies on anatomical data as much as it relies on a deep understanding of the neuronal mechanisms involved. To make the transition to physiologically motivated, biomechanical models, three-dimensional data of neck motor systems are required. A possible way forward that could enable large-scale comparative studies may come from the application of X-ray based microcomputed tomography (micro-CT) methods [104, 105] . Comparative morphometric studies based on neck motor systems across species could be used to identify common anatomical design principles shaped by evolution [106] . The first studies along these lines have used micro-CT to reveal the anatomy of the honey bee neck motor system ( Figure 5C ) [101] , as well as the functional consequences of the dual retinae in orchid bee ocelli [107] . It is even possible, with a synchrotron facility, to expand three-dimensional studies to four-dimensional measurements, carried out in vivo on moving animals to reveal the kinematics of their anatomical systems -as recently realized in flies [108, 109] .
Systems Design
The 'optimization' of biological stabilization systems may be defined with respect to different goals, as they usually support more than a single task. It is reasonable to assume, however, that the evolution of sensory and motor systems is strongly constrained by a tight energy budget [21, 110, 111] and an attempt to increase the signal-to-noise ratio at various system levels to achieve efficient and robust performance. Also, individual photoreceptors or campaniform sensilla signals are ambiguous and cannot be used immediately for motor control. A simple spatio-temporal integration of hundreds of individual receptor outputs, however, can provide control signals at high specificity and signal-to-noise ratio to directly drive various motor systems. In this context, obtaining sensory information from an entire receptor array, as opposed to the highly specific, individual sensors often found in engineering, has another important advantage: it provides adaptive flexibility at various levels within the system. In the fly motion vision pathway, the selective integration of specific EMD outputs determines the preferred motion axes of individual LPTCs ( Figure 3C ). The adaptation of matched filters which support species-specific flight modes simply requires the selective integration of local motion signals with appropriate directional preferences from the retinotopically arranged array of EMDs.
A similar strategy may be applied when readjusting the measuring axes in other modalities that integrate the signals from a selection of local receptors arranged in spatial arraysfor instance, from the array of campaniform sensilla in the haltere system of Dipteran flies. Work on the response dynamics of LPTCs in different flying insects related to their species-specific ecology [112] , as well as neuroanatomical studies on these cells, does indeed suggest a certain level of functional adaptation in individual species, even those that are closely related [113] . A comprehensive assessment of the preferred rotation axes that LPTCs cover, in relation to a fly's dynamic flight behavior and motor systems, would test the hypothesis that sensory coordinate systems are tuned to the animal's modes of natural motion [8, 103] . While gathering evidence for this 'mode sensing hypothesis' is currently underway, the strongly overlapping populations of preferred rotation axes of LPTCs and neck motor neurons suggest an alignment of conjugated sensory and motor coordinate systems in the blowfly gaze stabilization system ( Figure 3E ) [37] .
Conclusion
Gaze stabilization is a ubiquitous behavior found in animals ranging from simple crustaceans to primates. It reduces motion blur and largely facilitates visual information processing in support of inner-loop stabilization reflexes, as well as outer-loop goal-directed behaviors. Across all phyla, the need for gaze stabilization is related to the fact that most eyes show functional regionalizations which require their alignment with the external world when extracting behaviorally relevant signals using sensory matched filters. Gaze stabilization strategies appear not to be directly related to phylogenetic origin but reflect a number of constraints, including the habitat or medium an animal lives in and physically interacts with during locomotion or at rest. Adaptations to these interactions include the specification of sensory modalities and motor systems, which have likely evolved in parallel to simplify the integration of sensory signals and their transformation into motor commands for controlling behavior. Because of modality-specific bandwidth limitations, signals obtained by mechanosensory and visual systems are combined to cover a wider dynamic input range. In Dipteran flies, mechanosensory signals provide fast feedforward commands which may be linearly combined with slower feedback signals from the visual system. Depending on an animal's species-specific motor systems and dynamics, sensory driven gaze stabilization may also be combined with passive physical effects.
Significant progress on understanding mechanisms of biological image stabilization, as well as its evolution, requires detailed comparative studies of animal motor and sensory systems in the light of their habitats and behavioral repertoire. An exciting and promising way forward may be based on interdisciplinary approaches including quantitative neuroethological and functional anatomical studies within a control engineering framework, and may continue to reveal principles underlying sensorimotor control design in general.
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